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Introduction
The basal ganglia form a circuit of subcortical nuclei involved in the implicit planning and execution of cognitive, motor, and emotional repertoires (Graybiel, 2000; Wilson, 2004) .
Dysfunctional neurotransmission in this circuit is implicated in the pathophysiology of many brain disorders, notably Parkinson's disease, Huntington's disease, Tourette syndrome, schizophrenia, and substance abuse (Kapur, 2004; Everitt and Robbins, 2005; DeLong and Wichmann, 2007) . Thus, there is considerable interest in manipulating the basal ganglia circuit as a means towards novel therapies to treat these diseases. The focus of the present study is one promising target for such intervention, the cyclic nucleotide phosphodiesterase 10A (PDE10A), an enzyme highly enriched in the primary input neurons to the basal ganglia circuit, the striatal medium-sized spiny neurons (MSNs) (Menniti et al., 2007) .
Striatal MSNs integrate information transmitted via cortical and thalamic glutamatergic afferents with input regarding salience from midbrain dopaminergic neurons (Surmeier et al., 2007) . Striatal output is relayed by one of two pathways, the "direct" pathway involved in action selection and the "indirect" pathway involved in action suppression (Wilson, 2004; DeLong and Wichmann, 2007) . MSNs of the direct pathway primarily express dopamine D1 receptors positively coupled to adenylyl cyclase and project directly to the basal ganglia output nuclei, the substantia nigra pars reticulata (SNr) and internal globus pallidus (GPi). MSNs of the indirect pathway primarily express dopamine D2 receptors negatively coupled to adenylyl cyclase and connect with the output nuclei by way of the external globus pallidus (GPe) and subthalamic nucleus.
The effects of dopamine D1 and D2 receptors on the activity of MSNs in both output pathways are mediated by both cAMP and cGMP (Greengard, 2001) . Cyclic nucleotide JPET #146332 5 signaling also plays a key role in the regulation of synaptic plasticity at corticostriatal synapses (Calabresi et al., 2000) and in gene expression within MSNs (Berke et al., 1998) . Although the role of cAMP in MSN function has received the most attention (Colwell and Levine, 1995; Greengard, 2001; Nishi et al., 2008) , recent studies have shown that cGMP signaling increases the membrane excitability and responsiveness of MSNs to corticostriatal inputs (West and Grace, 2004) .
Cyclic nucleotide phosphodiesterases (PDEs) regulate both spatial and temporal components of cAMP and cGMP signaling within distinct subcellular compartments (Lugnier, 2006; Menniti et al., 2006) . The PDEs are organized into eleven families based on sequence homology, substrate specificity, and regulation (Bender and Beavo, 2006; Lugnier, 2006) . Seven PDE families are present at moderate to high levels of expression in the striatum . In this regard, PDE10A is unique in that this dual substrate enzyme (Fujishige et al., 1999; Loughney et al., 1999; Soderling et al., 1999) is expressed at high levels only in striatal MSNs (Seeger et al., 2003; Coskran et al., 2006; Xie et al., 2006; Sano et al., 2008) . Within the striatum, PDE10A is compartmentalized proximal to the plasma membrane of postsynaptic sites within MSN dendritic spines (Kotera et al., 2004; Xie et al., 2006; Sano et al., 2008) and, thus, is positioned to regulate post-synaptic cyclic nucleotide signaling involved in the integration of glutamatergic and dopaminergic neurotransmission. High PDE10A expression is also found in MSN axons/terminals in the SNr and external globus pallidus (Seeger et al., 2003) .
Pharmacological inhibition of PDE10A results in significant increases in cAMP and cGMP levels and leads to the phosphorylation of PKA substrates including cAMP-response element-binding protein (CREB), extracellular receptor kinase (ERK), dopamine-and cAMPregulated phosphoprotein of M.W. 32 kDa , and GluR1 in striatal neurons (Siuciak This article has not been copyedited and formatted. The final version may differ from this version. JPET Fast Forward. Published on December 4, 2008 as DOI: 10.1124 at ASPET Journals on May 31, 2017 jpet.aspetjournals.org Downloaded from JPET #146332 6 et al., 2006b; Nishi et al., 2008) . Given the key role of these signaling pathways in both dopaminergic and glutamatergic transmission, the ability of PDE10A inhibitors to modulate MSN activity may be of particular therapeutic relevance to numerous brain disorders associated with dysfunctional striatal output Siuciak et al., 2006a; Siuciak et al., 2006b; Menniti et al., 2007; Schmidt et al., 2008) . However, a direct investigation of the effect of PDE10A inhibition on the activity of MSNs has not yet been reported. Therefore, the goal of the current study was to characterize the effect of PDE10A inhibition on corticostriatal signaling and the activity of electrophysiologically identified MSNs recorded in the intact rat. This article has not been copyedited and formatted. The final version may differ from this version. 
Methods

Drugs
Urethane, papaverine hydrochloride, and Cremophor EL were purchased from Sigma Chemical (St. Louis, MO, USA). 2-{4-[-Pyridin-4-yl-1-(2,2,2-trifluoroethyl)-1H-pyrazol-3-yl]-phenoxymethyl}-quinoline succinic acid (TP-10; (Schmidt et al., 2008) ) was synthesized at Pfizer Global Research and Development (Groton, CT). All other reagents were of the highest grade commercially available.
Subjects and surgery
Electrophysiological recordings were made from 51 male Sprague-Dawley (Harlan, Indianapolis, IN) rats weighing 253-372 grams. Prior to use, animals were housed two-or threeper cage under conditions of constant temperature (21-23°C) and maintained on a 12:12 hour light/dark cycle with food and water available ad libitum. All animal protocols were approved by the Rosalind Franklin University of Medicine and Science Institutional Animal Care and Use Committee and adhere to the Guide for the Care and Use of Laboratory Animals published by the USPHS. Prior to surgery, animals were deeply anesthetized with urethane (1.5 g/kg, i.p.) and placed in a stereotaxic apparatus (Narishige International USA Inc., East Meadow, NY or David Kopf Instruments, Tujunga, CA). The level of anesthesia was periodically verified via the hind limb compression reflex and maintained using supplemental administration of anesthesia as previously described (Sammut et al., 2007; Ondracek et al., 2008) . Temperature was monitored This article has not been copyedited and formatted. The final version may differ from this version. JPET Fast Forward. Published on December 4, 2008 as DOI: 10.1124 at ASPET Journals on May 31, 2017 jpet.aspetjournals.org Downloaded from JPET #146332 8 using a rectal probe and maintained at 37°C using a heating pad (Vl-20F, Fintronics Inc, Orange, CT). To minimize pain or discomfort, a solution of lidocaine HCl (2%) and epinephrine (1:100,000) (Henry Schein, Melville, NY) was injected into the scalp (s.c.) in a volume of ~0.3ml and allowed to diffuse for several minutes. An incision (~2-4 cm) was then made in the scalp and burr holes (~2-3 mm in diameter) were drilled in the skull overlying the right hemisphere of the frontal cortex (coordinates: 3.0-4.0 mm anterior from bregma, 1.5-2.2 mm lateral from the midline) and dorsal striatum (coordinates: -0.5-2.0 mm anterior from bregma, 2.0-3.5 mm lateral from the midline). In experiments involving antidromic stimulation of the substantia nigra pars reticulata (SNr), an additional burr hole was made overlying the right hemisphere of the SNr (coordinates: 5 mm posterior from bregma, 2.5 mm lateral from the midline). The dura mater was resected and the stimulating and recording electrodes were lowered into the brain using a Narishige or Kopf micromanipulator. All coordinates were determined using a rat brain stereotaxic atlas (Paxinos and Watson, 1986) .
Electrical stimulation and antidromic activation
Concentric bipolar stimulating electrodes were implanted in the frontal cortex ipsilateral or contralateral to the recording electrode as indicated below. Previous studies have shown that MSNs receive synaptic inputs from bilateral intratelencephalic cortical neurons (IT) which project to both the ipsilateral and contralateral striatum, as well as from axon collaterals derived from ipsilateral corticospinal neurons which give rise to the pyramidal tract (PT) (Wilson, 2004) .
Other work suggests that striatonigral neurons preferentially receive innervation from IT-type cells, whereas striatopallidal neurons receive more robust input from PT-type cells (Lei et al., 2004) . Given the above, it is possible that striatal PDE10A inhibition could have differential This article has not been copyedited and formatted. The final version may differ from this version. JPET Fast Forward. Published on December 4, 2008 as DOI: 10.1124 at ASPET Journals on May 31, 2017 jpet.aspetjournals.org Downloaded from JPET #146332 9 effects on excitatory responses evoked by IT and PT inputs. Thus, the impact of striatal PDE10A inhibition on cortically-evoked activity was examined using both ipsilateral and contralateral cortical stimulation to allow for comparisons between effects involving both IT and PT inputs, or only IT inputs, respectively. All experiments using TP-10 utilized ipsilateral stimulation. All experiments using papaverine utilized contralateral cortical stimulation. In experiments involving antidromic stimulation, a concentric bipolar stimulating electrode was also implanted ipsilaterally in the SNr (coordinates were within the same range as indicated above). Electrical stimuli with durations of 500 μ s and intensities between 0.25-1.5 mA were generated using a stimulator and photoelectric constant current/stimulus isolation unit (S88 stimulator with PSIU6F stimulus isolation unit, Grass Instruments, Quincy, MA) and delivered in single low frequency pulses (0.5 Hz) for duration of 100 seconds as previously described (Ondracek et al., 2008) .
Antidromic stimulation of the SNr was used to identify striatonigral projection neurons (SNr+ MSNs) in studies using single-unit extracellular recordings and systemic administration of TP-10. The following criteria were used to determine if spikes evoked by SNr stimulation were antidromic in nature: (1) constant latency of observed spike response, (2) all-or-none property of antidromic spikes as determined using sub-and supra-threshold stimulus intensities, and (3) collision of the antidromic spikes with orthodromic spikes generated in MSNs via low frequency stimulation of corticostriatal afferents (see above and Mallet et al., 2005) . Collisions which could be observed consistently over 10 consecutive trials using supra-threshold stimulus intensities were considered positive. The current intensity (0.2 to 1.5 mA) used in collision tests for antidromic stimulation of the 49 striatonigral neurons studied herein was derived from ranges reported in previous studies (Tepper et al., 1995; Mallet et al., 2005; Ballion et al., 2008) . This article has not been copyedited and formatted. The final version may differ from this version. Unfortunately, striatopallidal neurons cannot be reliably identified with this technique since electrical stimulation of the GPe is likely to activate fibers of passage projecting from striatonigral MSNs (Wilson, 2004) . To minimize issues associated with antidromic stimulation and the generation of back-propagating action potentials, we only tested neurons for antidromic responses (by stimulating the SNr) after all other measures (spontaneous activity, cortical stimulation, etc) had been performed. Moreover, because of the low frequency of the stimulation (0.5 Hz) used in the antidromic technique and the time period between recordings of different cells (typically ≥ 15 min), it is unlikely that this procedure produced persistent changes in excitability that could have impacted on subsequent recordings.
Extracellular recordings and local drug administration using reverse microdialysis
Concentric microdialysis probes having 4 mm of exposed membrane (225 μ m diameter) were implanted into the striatum and reverse microdialysis was performed concurrently with electrophysiological recordings as previously described (West and Grace, 2004) . Briefly, extracellular recording microelectrodes were manufactured from 2.0 mm o.d. borosilicate glass capillary tubing (WPI, New York, NY) using a vertical micropipette puller (model PE-21, Narishige) and recordings of cortically-evoked activity were performed as previously described (Ondracek et al., 2008) . A between-subjects approach was used throughout. Striatal MSNs were isolated during single-pulse cortical stimulation as described above. Recordings were initiated ~2-3 hours after probe implantation. TP-10 was solublized in 10% Cremophor EL/ 90% saline This article has not been copyedited and formatted. The final version may differ from this version. JPET Fast Forward. Published on December 4, 2008 as DOI: 10.1124 at ASPET Journals on May 31, 2017 jpet.aspetjournals.org Downloaded from (0.9%) solution (500 x stock solution, 1 mM) which was then diluted to a final concentration of 2 µM using artificial cerebral spinal fluid (aCSF). In control experiments, aCSF contained the same concentration of Cremophor EL/saline solution as used above in studies with TP-10.
Papaverine (500 µM) was made up in aCSF immediately prior to use. Previous in vitro studies have shown that papaverine is a potent and relatively selective inhibitor of PDE10A with an IC 50 value of 36 nM and a selectivity ratio of at least 9-1 over other PDE isoforms (Siuciak et al., 2006b) . Moreover, the relatively novel compound TP-10 has been shown to exhibit superior potency (an IC 50 value of 0.3 nM) and greatly improved selectivity of at least 2,500-fold over other PDE isoforms and CNS targets (Schmidt et al., 2008) . To our knowledge, this is the first study to reverse dialyze these compounds into the striatum. Thus, presumed effective doses of papaverine and TP-10 were derived from information described in the above studies. The concentration of drug in the tissue immediately adjacent to the probe is estimated to be ~10% of the concentration in the perfusion fluid, and substantially less at the soma of the neuron being recorded. In some studies, MSNs were initially recorded in the presence of aCSF vehicle and then subsequent cells were recorded following a switch to either papaverine (500 µM) or TP-10 (2 µM). In other studies, MSNs were recorded in the presence of either aCSF vehicle or drug for the duration of the experiment. Given that the mean magnitude of drug-induced changes in spike activity did not differ significantly using these approaches (data not shown), data were pooled.
In all studies, aCSF or drug was infused at least 20 min prior to recording striatal neuron activity.
Given the complexity of performing recordings concurrently with microdialysis, antidromic stimulation was not attempted in this subset of studies. This article has not been copyedited and formatted. The final version may differ from this version. 
Extracellular recordings and systemic drug administration
In single-unit recording studies involving systemic administration of drugs, vehicle (10% Cremophor EL in 0.9% saline) or TP-10 (0.32 or 3.2 mg/kg) was injected at least 10 minutes prior to the recording session. Effective doses of TP-10 were derived from previous studies which have shown that the maximal dose of TP-10 used in the current study (3.2 mg/kg, s.c.) increased tissue cGMP and cAMP levels approximately 2-4 fold and that peak increases occurred between 1 and 3 h post-injection (Schmidt et al., 2008) . The low dose of TP-10 (0.32 mg/kg, s.c) was chosen because it was shown to have threshold effects on tissue levels of both cGMP and cAMP (Schmidt et al., 2008) . After isolation of a cell, the effects of separate trials (50 pulses each) of single pulse cortical stimulation (0.4, 0.6, 0.8 and 1.0 mA stimulation intensites) were recorded. Spontaneous (non-evoked) firing activity (~2-5 min) of each isolated cell was then recorded. Lastly, stimulation of the SNr was performed to determine whether the recorded cell exhibited antidromic responses as described above. Striatal neurons exhibiting spike characteristics resembling cholinergic (tonic or regular firing at a rate of ~1-4 Hz) or fastspiking interneurons (respond to low intensity cortical stimulation with a high-frequency train of short duration (<0.9 ms) action potentials) (Mallet et al., 2005) were not included in the current data set. 
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(papaverine/TP-10) or vehicle (Ondracek et al., 2008) . Neurons were considered "quiescent" if they failed to fire an action potential over a 2 min baseline recording period (Ondracek et al., 2008) . All neurons (spontaneously active and quiescent) were included in analyses of corticallyevoked activity and peri-stimulus time histograms were constructed (1.0 ms bins) for each cortical stimulation trial. Furthermore, spike probabilities were calculated by dividing the number of evoked action potentials (either 0 or 1 per pulse) by the number of stimuli delivered (Ondracek et al., 2008) . Single-unit and group data were also summarized using spike latency and S.D. latency plots as indicated. The statistical significance of drug-induced changes in spike activity was determined using either a paired t-test, Fisher exact test or one/two-way analysis of variance (ANOVA) as indicated (Sigma Stat, Jandel). Also, a Bonferroni post-hoc test was used as indicated to determine which group(s) contributed to overall differences seen with ANOVA.
Histology
After completion of each experiment, rats were deeply anesthetized and perfused transcardially with ice-cold saline followed by 10% formalin in buffered phosphate (PB) (EMS, Hatfield, PA). Brains were removed and postfixed in formalin/sucrose solution (30%) and stored at 4°C until saturated. Brains were then sectioned into 50 μ m coronal slices, mounted, and stained with Neutral red/Cresyl Violet (10:1) solution to enable histological assessment of stimulating and recording electrodes (Sammut et al., 2007) . This article has not been copyedited and formatted. The final version may differ from this version. 
Results
Stimulating electrode, microdialysis probe and recording electrode placements
All identified stimulating electrode tips were confirmed to lie in the frontal cortex between 2.7 and 4.7 mm anterior to bregma, 1.0 and 2.5 mm lateral to the midline, and 2.0 and 4.0 mm ventral to the skull. In studies involving antidromic stimulation of the SNr, stimulating electrode tips were confirmed to lie between 4.5 and 5.8 mm posterior to bregma, 1.8 and 2.9 mm lateral to the midline, and 7.5 and 8.5 mm ventral to the dural surface (Paxinos and Watson, 1986 ) ( Figure 1 ). Identified placements for recording electrodes implanted into the striatum were verified to lie between 0.5 and 1.7 mm anterior to bregma, 2.4 and 3.5 mm lateral to the midline, and 3.5 and 7.2 mm ventral to the dural surface (Paxinos and Watson, 1986) (Figure 1 ).
In studies with microdialysis, coordinates could not be determined for individual recording electrodes and microdialysis probes due to combined tissue damage of both implants. However, in all cases microelectrode tracks were observed to penetrate the corpus callosum at a trajectory which was angled towards the microdialysis probe track in the dorsocentral striatum.
Intrastriatal infusion of PDE10A inhibitors
When assessed qualitatively, intrastriatal infusion of both PDE10A inhibitors appeared to increase the rate of spontaneous spike activity. However, the majority of cells recorded proximal to the microdialysis probe in all groups were not spontaneously active (see below). Thus, with the low overall mean and small number of spontaneously active cells, as well as the relative variability in this measure, the statistical power associated with these outcomes may have been insufficient to test this effect. Nonetheless, group comparisons revealed that the mean firing rate This article has not been copyedited and formatted. The final version may differ from this version. Fisher exact test; vehicle: 2 spontaneously firing, 6 quiescent; papaverine: 1 cell spontaneously firing, 10 cells quiescent) or TP-10 treated groups (p>0.05; Fisher exact test; vehicle: 3 cells spontaneously firing, 9 cells quiescent; TP-10: 5 cells spontaneously firing, 14 cells quiescent) as compared to vehicle controls.
To examine the effects of local PDE10A inhibition on spike activity evoked by electrical stimulation of frontal cortical afferents, individual stimulation trials consisting of 50 single pulses each (0.5 Hz, 500 μ s) were delivered to the frontal cortex using multiple current amplitudes (0.5, 0.75, 1.0 mA). The order of stimulation trials was counter-balanced for stimulus intensity across cells (i.e., the trial order consisted of 0.5, 0.75, 1.0 mA or 1.0, 0.75, 0.5 mA and was alternated for each cell). Short latency spike activity evoked during repeated singlepulse stimulation of both the contralateral (Figure 2A In addition, intrastriatal infusion of TP-10 significantly decreased the onset latency of corticallyevoked spikes in a stimulus intensity-dependent manner as compared to vehicle controls ( Figure   3C ; p<0.005; F(1,79)=9.040; Two-way ANOVA). No significant difference in the S.D. of spike latency (data not shown) was observed following intrastriatal infusion of TP-10 as compared to vehicle controls, similar to outcomes with papaverine.
Systemic PDE10A inhibitor administration
As described above, the impact of PDE10A inhibition on cortically-evoked activity and spontaneous firing (recorded post-stimulation) was determined using a between-subjects design.
In all cases recordings were performed Two-way ANOVA). A significant decrease in spike latency was also observed in all groups in response to increasing stimulation intensities ( Figure 4A 
PDE10A inhibition in MSN subpopulations
The above data sets from vehicle and TP-10 (3.2 mg/kg, s.c.) treated animals were divided according to whether cells responded to antidromic activation of the SNr. Only recordings from animals in which the stimulating electrode placement could be confirmed to lie in the SNr were included in this study. Examples of antidromic responses elicited during SNr stimulation are shown in Figure 5A . Neurons that responded were designated SNr+ neurons and those that failed to respond to this stimulus were designated SNr-MSNs (Mallet et al., 2005; Ballion et al., 2008) (Figure 5A ). Following TP-10 administration, identified SNr+ MSNs exhibited cortically-evoked spike activity which was indistinguishable from vehicle treated controls ( Figure 5B ; p>0.05; Two-way ANOVA). However, a robust increase in spike probability was observed in SNr-MSNs following systemic administration of TP-10 ( Figure 5B; p<0.001; F(1,220)= 31.413; Two-way ANOVA) as compared to vehicle treated controls.
Furthermore, a dose-dependent decrease in the onset latency of cortically-evoked spikes was observed following systemic administration of TP-10 in SNr-( Figure 5C ; p<0.001; F(1,186)= 13.151; Two-way ANOVA) but not SNr+ MSNs (p>0.05; Two-way ANOVA) compared to vehicle treated controls. In addition, an overall group decrease in the S.D. of spike latency was observed in SNr-MSNs following systemically administered TP-10 ( Figure 5D ; p=0.009; F(1,169)= 6.995; Two-way ANOVA) but not SNr+ MSNs (p>0.05; Two-way ANOVA) compared to vehicle treated controls.
There was a significant increase in the incidence of antidromically activated (i.e., SNr+)
MSNs following administration of TP-10 (Table 1; 5B; p>0.05; two-way ANOVA). There was also no effect of TP-10 adminstration on evoked spike latency (p>0.05; two-way ANOVA) or S.D. of spike latency in SNr+ MSNs. The average current intensity required to antidromically activate cells also did not differ across groups (p>0.05; unpaired t-test; vehicle: 0.71 ± 0.17 mA; 3.2 mg/kg TP-10: 0.67 ± 0.13 mA). Thus, other than the increase in number detected, there was no apparent effect of PDE10A inhibition on other measures of evoked spike activity of SNr+ MSNs.
The increased incidence of antidromically activated (SNr+) cells observed following systemic TP-10 treatment indicated that the lack of effect of TP-10 on cortically-evoked activity in these cells (see Figure 5B , left) may have resulted from a sampling artifact induced by the antidromic stimulation procedure. Specifically, it is possible that with vehicle administration, the antidromic procedure preferentially samples from a population of the more excitable SNr+ MSNs. Following TP-10 administration, previously quiescent striatonigral neurons may become more excitable and more responsive to antidromic stimulation. If these previously quiescent neurons were less responsive to cortical stimulation than the more excitable population detected under control conditions, the inclusion of these MSNs in the SNr+ data set following TP-10 treatment could decrease overall measures of spike probability within the SNr+ MSNs in the TP-10 group, thus masking potential excitatory effects of drug. Indeed, in vehicle treated animals there was a small increase in the spike probability in the antidromically activated (SNr+) MSNs compared to those that were not antidromically activated; however, this failed to reach statistical significance (p=0.09; Two-way ANOVA). To examine this possibility further, we compared the spike probability distributions of neurons that were antidromically activated (SNr+ MSNs) with those that were not activated (SNr-MSNs) from animals treated with vehicle or TP-10 ( Figure   6 ). The apparent lack of an increase in the relative percentage of SNr+ MSNs exhibiting lower This article has not been copyedited and formatted. The final version may differ from this version. 
Discussion
PDE10A is highly expressed in striatal MSNs, regulating both cGMP and cAMP signaling (Menniti et al., 2007) . The results of the present study indicate that pharmacological inhibition of PDE10A increases the responsiveness of MSNs to excitatory corticostriatal input.
Increases in cortically-evoked activity were consistently observed in studies using two relatively selective PDE10A inhibitors delivered either via intrastriatal infusion or systemic administration.
In a subset of studies we were able to categorize striatal neurons as either striatonigral (SNr+ MSNs) or unidentified (SNr-MSNs) using antidromic activation techniques. Our findings suggest that PDE10A inhibition has a greater facilitatory effect on cortically-evoked activity in the SNr-MSN group which is likely to be composed primarily of striatopallidal cells.
PDE10A inhibition increases excitability of MSNs in response to corticostriatal input
Previous studies have shown that drugs that augment cAMP or cGMP levels in MSNs increase measures of corticostriatal transmission (Colwell and Levine, 1995; West and Grace, 2004) . Results from biochemical studies suggest that PDE10A inhibition may enhance striatal MSN activity in a similar manner (Nishi et al., 2008) . This hypothesis was examined directly in the current study by measuring the effects of PDE10A inhibition on MSN single-unit activity following cortical stimulation in anesthetized rats (Ondracek et al., 2008) higher dose of TP-10 also increased the probability of evoking spike activity across multiple stimulation intensities. Interestingly, a decrease in the variance of the onset latency of evoked spikes was observed following systemic administration of the high dose of TP-10, suggesting PDE10A inhibition temporally constrains cortically-evoked activity. Taken together, these results indicate that under physiological conditions, PDE10A activity may act to filter asynchronous or weak cortical input so that only strongly coherent corticostriatal transmission is communicated by MSN spike activity to postsynaptic targets in the globus pallidus and SNr.
With the exception of effects on spike latency, intrastriatal infusion of papaverine and TP-10 had qualitatively similar effects on spike responses evoked by ipsilateral and contralateral stimulation of the frontal cortex. Differences in spike probability and onset latency were apparent between the control groups in these studies, however, this is likely due to the differences in anatomical and physiological properties of intratelencephalic (IT) and pyramidal tract (PT) cortical projections (Wilson, 2004) . However, it is currently unclear whether the more robust effect of TP-10 on spike latency resulted from differential drug effects on responsiveness to IT and PT inputs or differences in the potency of PDE10A inhibition produced by TP-10 and papaverine (see above). Future studies will be needed to address this issue. In any event, striatal PDE10A inhibition is likely to augment the responsiveness of striatal MSNs to both IT and PT type corticostriatal inputs.
PDE10A is selectively expressed in striatopallidal and striatonigral MSNs but is not found in striatal interneurons (Xie et al., 2006; Sano et al., 2008) . Furthermore, results from immuno-electron microscopy studies indicate the enzyme is localized to dendrites and spines of MSNs but not to elements pre-synaptic to these structures. Thus, it is highly likely that the facilitatory effects of PDE10A inhibition on corticostriatal transmission occur at the level of the This article has not been copyedited and formatted. The final version may differ from this version. JPET Fast Forward. Published on December 4, 2008 as DOI: 10.1124 at ASPET Journals on May 31, 2017 jpet.aspetjournals.org Downloaded from JPET #146332 23 MSN. In this context, it is interesting that the concentration response relationship for affecting the onset latency of cortically evoked spikes appears to differ after striatal and systemic exposure to PDE10A inhibitors. TP-10 is a highly potent and selective PDE10A inhibitor. The 3.2 mg/kg dose used in the present study induces near maximal increase in striatal cGMP and cAMP concentrations at free exposures consistent with high selectivity for PDE10A inhibition, whereas the low dose (0.32 mg/kg) is at the threshold for induction of such biochemical effects (Schmidt et al., 2008) . The fact that the low TP-10 dose elicited only a decrease in spike onset latency suggests that this parameter is the most sensitive to PDE10A inhibition. Interestingly, TP-10, but not papaverine, decreased onset latency after intrastriatal infusion. The exact concentrations of drug exposure of the recorded neurons cannot be determined after reverse dialysis.
Nonetheless, an explanation for the difference is that TP-10 infusion at 2 μM results in a greater level of PDE10A inhibition than that produced by papaverine at 500 μM. This interpretation is consistent with the ~200-fold higher potency of TP-10 for PDE10A inhibition. Thus, paradoxically, spike latency is the least sensitive to PDE10A inhibition following direct striatal infusion of the inhibitors. This paradox may be an intimation of effects of PDE10A inhibition that are 'second order' to effects on individual MSNs. Striatal infusion impacts only a small fraction of MSNs and this fraction is unlikely to affect the basal ganglia circuit sufficiently to directly feedback on the recorded neurons. In contrast, PDE10A inhibition after systemic administration reflects direct effects of the inhibitor on the recorded neuron coupled with circuit level effects summing over all the MSNs. We speculate that these latter circuit level effects may increase the sensitivity of spike latency to PDE10A inhibition after systemic administration. This article has not been copyedited and formatted. The final version may differ from this version. JPET Fast Forward. Published on December 4, 2008 as DOI: 10.1124 at ASPET Journals on May 31, 2017 jpet.aspetjournals.org
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Differential effects of PDE10A inhibition on MSN subpopulations
An interesting finding in the present study is a differential sensitivity of striatal projection neurons to PDE10A inhibition. Thus, the effects of TP-10 administration on cortically-evoked activity described above occurred only in neurons categorized as SNr-MSNs. Because the success rate of the antidromic procedure increased to approximately 50% in the presence of TP-10, it can be assumed that the SNr-MSN group was composed almost entirely of striatopallidal neurons under these conditions (i.e., each projection pathway makes up approximately 50% of striatal output cells, see Bolam et al., 2000, for review ). This interpretation is strongly supported by recent studies by Snyder and colleagues showing that papaverine increases DARPP-32 phosphorylation much more robustly in identified striatopallidal as compared to striatonigral MSNs (Nishi et al., 2008) .
There is no evidence for differential expression of PDE10A mRNA or protein in striatopallidal or striatonigral MSNs (Seeger et al., 2003; Coskran et al., 2006; Xie et al., 2006; Sano et al., 2008) . Thus, a more likely explanation for the preferential effect of PDE10A inhibition on striatopallidal cells derives from the inherent neuroanatomical and electrophysiological differences between striatopallidal and striatonigral MSNs. D2-expressing striatopallidal MSNs receive more robust cortical innervation (Lei et al., 2004) and exhibit larger and more frequent responses to excitatory synaptic inputs than D1-expressing striatonigral MSNs (Kreitzer and Malenka, 2007; Cepeda et al., 2008) . Furthermore, striatopallidal cells appear to be more responsive to depolarizing current injections than D1-expressing MSNs (Kreitzer and Malenka, 2007; Cepeda et al., 2008) , a property that has recently been attributed to their significantly smaller dendritic tree (Gertler et al., 2008) . Given this, it is not unexpected that This article has not been copyedited and formatted. The final version may differ from this version. While speculative, the present results also suggest that PDE10A inhibition may increase the axonal/terminal excitability of MSNs. Systemic administration of TP-10 increased the number of antidromically activated (SNr+) MSNs. A parsimonious explanation for this observation is an increase in axonal excitability, since there was no significant effect of TP-10 on responsiveness to cortical stimulation in this SNr+ MSN population. Additional studies will be needed to directly test this hypothesis as we did not perform current amplitude/antidromic response curves in the current study. However, PDE10A is transported to MSN axons and terminals and the terminal concentration of the protein appears to be at least as high as in striatum, based on Western blot analysis (Seeger et al., 2003) . Thus, these findings further support the hypothesis that PDE10A inhibition increases striatal output, in this case potentially via the direct facilitation of axonal excitability.
Implications for the treatment of neuropsychiatric disorders
Abnormal striatal output resulting from dysfunctional striatopallidal transmission is thought to contribute significantly to the pathophysiology of schizophrenia, Parkinson's disease, Huntington's disease and Tourette syndrome (Winterer and Weinberger, 2004; Groenewegen et al, 2003; DeLong and Wichmann, 2007) . Thus, the ability of PDE10A inhibitors to enhance striatopallidal MSN activation may be of particular therapeutic relevance to some of these The data presented herein may reveal a physiological basis for these behavioral effects of PDE10A inhibitors, specifically, increased responsiveness of striatopallidal MSNs to cortical input. Indeed, the behavioral profile of PDE10A inhibitors in these assays strongly resembles that of dopamine D2 receptor antagonists (Schmidt et al 2008) , which act to disinhibit the D2expressing striatopallidal MSNs (see Surmeier et al., 2007, for review) . Nonetheless, PDE10A inhibitors also differ significantly from D2 receptor antagonists in other preclinical behavioral models such as the induction of catalepsy and prepulse inhibition of startle (Schmidt et al 2008) .
These differences may reflect the fact that PDE10A also regulates the activity of striatonigral pathway neurons, as revealed in the current study using antidromic activation techniques as an apparent increase in axonal excitability of SNr+ neurons. Thus, it will be of considerable interest to continue to compare the physiological effects of PDE10A inhibitors with D2 receptor antagonists in preparation for interpreting the behavioral and therapeutic profile of PDE10A inhibitors in patients with schizophrenia and other neuropsychiatric disorders. Finally, given that PDE10A is capable of hydrolyzing both cAMP and cGMP, future studies will be needed to elucidate the individual roles that cAMP and cGMP play in the facilitation of corticostriatalstriatopallidal throughput observed following striatal PDE10A inhibition. This article has not been copyedited and formatted. The final version may differ from this version. 
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